One sentence summary: The transcription levels of multiple virulence-associated genes and the invasion phenotype showed into human CaCo-2 cells were evaluated in order to characterize Listeria monocytogenes strains isolated from different sources.
INTRODUCTION
Listeria monocytogenes is an etiological agent of severe foodborne gastrointestinal, systemic and central nervous system infections in humans (Allerberger and Wagner 2010) . Despite the low incidence, invasive listeriosis is of public health concern due to the clinical severity and the high fatality rate. In the United States, 1600 cases of human listeriosis per year are estimated, with more than 1400 hospitalizations and 250 deaths (Mardis, Conley and Kyle 2012) . In the EU, from 2011 to 2012, the number of listeriosis cases increased 10.5%, with 1642 confirmed cases, 91.6% hospitalization and 17.8% fatality rate (European Food Safety Authority/European Centre for Disease Prevention and Control 2014), and significant notifications were reported in Italy, Austria, Denmark, Hungary, Spain and Sweden (Pontello et al., 2012) . Moreover, clinical cases in humans are most often caused by serovars 4b, 1/2a, 1/2b and 1/2c (Orsi, den Bakker and Wiedmann 2011; Vitullo et al., 2013) .
L. monocytogenes virulence involves host cell adhesion and invasion, cytosolic replication and motility, and cell-tocell spreading (Camejo et al., 2011) . Each stage depends on the activity of well-characterized virulence factors, acting by subversion of host cell functions (Pizarro-Cerdá and Cossart 2006) .
Internalin A and B (InlA, InlB) mediate invasion into mammalian cells (Carvalho, Sousa and Cabanes 2014) , and transcription of both encoding genes can occur individually or together by PrfA-independent and dependent mechanisms, respectively (Lingnau et al., 1995) . InlA only mediates entry into cell types expressing human E-cadherin, hence in epithelial cells at luminal surface of intestinal villi (Bonazzi, Lecuit and Cossart 2009) , cytotrophoblasts and areas of syncytiotrophoblasts (Lecuit et al., 2004) . Non-sense mutations leading to premature stop codons in the inlA gene have been reported (Handa-Miya et al., 2007; Témoin et al., 2008; Chen et al., 2011) , which contribute to reduce strains' invasiveness in human epithelial colorectal adenocarcinoma (CaCo-2) cells . PCR-restriction fragment length polymorphism (RFLP) method based on inlA polymorphisms analysis was previously described to identify isolates producing truncated InlA and deficient to invade CaCo-2 cells. Isolates from human cases of listeriosis more often express functional InlA than isolates from food, supporting the role of full-length InlA in the infectious disease process (Jacquet et al., 2004; Nightingale et al., 2005 Nightingale et al., , 2008 . InlB protein, interacting with host cell ligands such as tyrosine kinase Met, gC1q-R and glycosaminoglycans (Braun, Ghebrehiwet and Cossart 2000; Shen et al., 2000; Jonquières, Pizarro-Cerdá and Cossart 2001) , is involved in the entry into many cell types.
After entry and phagocytosis, listeriolysin O, encoded by hly gene, is responsible for lysis and escape from the phagocytic vacuole (Hamon et al., 2012) and enables the bacterium to escape into host cytosol and to replicate (Seveau 2014) . L. monocytogenes further is able to express a bile salt hydrolase (Bsh) with the potential to detoxify bile acids, contributing to survival in the gastrointestinal tract (Dussurget et al., 2002; Begley et al., 2005) . Belonging to transcription factors family, PrfA is necessary for inlAB operon activation, genes within the virulence cluster (hly, plcA, plcB, mpl, actA and prfA itself) (McGann et al., 2007) and bsh (Dussurget et al., 2002) .
To date, previous studies have investigated transcription levels of internalin genes amongst L. monocytogenes strains, and results were correlated to the ability of invasion into CaCo-2 cells. However, no studies have compared the simultaneous transcription levels of multiple virulence genes. The aim of this study was to evaluate the transcription levels of inlA, inlB, hly, bsh and prfA genes in L. monocytogenes isolates from clinical cases and foods. Moreover, the ability of the strains to invade the human CaCo-2 cells was investigated in order to evaluate the virulence phenotype, and to investigate the relationship with transcription levels of the major virulence factors encoding genes. (Tamburro et al., 2010) and, on the basis of detected group a subset of antisera (Denka Seiken, Tokyo, Japan), was used for serotype identification (Seeliger and Höhne 1979) . Point mutations in the inlA gene were investigated as previously described Tamburro et al., 2010) by PCR, followed by RFLP analysis using AluI and Tsp509I (Fermentas, Milan, Italy).
MATERIALS AND METHODS

Selection
Total RNA extraction and cDNA synthesis L. monocytogenes cultures were grown in Brain Heart Infusion broth (Biolife) at 37
• C until mid-late logarithmic growth phase at 0.85-0.95 optical density (OD 600 ), and 1 ml was harvested and centrifuged for RNA isolation, according to Werbrouck et al. (2006) . The supernatant was discarded and RNA Protect Bacteria reagent (Qiagen, Valencia, CA) was added. The bacterial pellet was collected by centrifugation, and total RNA was extracted by RNeasy mini kit (Qiagen) according to manufacturer's instructions. Cell lysis was carried out by adding 100 μl Tris-EDTA (TE) buffer containing 5 mg/ml lysozyme (Promega, Milan, Italy) and 13 mg/ml proteinase K (Promega), incubating at 37 • C for 30 min. DNase treatment was performed during RNA purification with on-column digestion by RNase-Free DNase Set (Qiagen), according to manufacturer's protocol. RNA was dissolved in 50 μl of DEPC-treated water and stored at −20 • C until use.
Reverse-transcription (RT) reaction on RNA template (2 μg) was performed by iScript TM cDNA synthesis kit (Bio-Rad; Milan, Italy) following the manufacturer's instructions. All samples were also subjected to reaction without RT-enzyme.
Quantitative Reverse-Transcription PCR (qRT-PCR)
Oligonucleotides targeting tufA housekeeping gene and inlA, inlB, hly, prfA were previously published (Table  2) , while bsh primers were ex novo designed by using Primer3 software (http://primer3.wi.mit.edu/) (Rozen and Skaletsky 2000; Untergrasser et al., 2012) based on EGD-e strain (NCBI Reference Sequence: NC 003210.1). Primers specificity for bsh (Table 2 ) was investigated on Primer BLAST ples were tested in triplicate, and melting curve analysis was performed to verify the specificity of amplified products. Transcription levels were evaluated by standard curve method with five serial dilutions at known concentrations of EGD-e cDNA as template. For each qRT-PCR reaction, amplification efficiency was evaluated by standard curve, and only the difference ≤5% between efficiency of the housekeeping and target genes was considered as satisfactory. Transcription levels of each gene were calculated by the ratio between the concentration of target gene and the housekeeping. containing gentamicin (50 μg/ml) was added, and plates were incubated at 37
Cell invasion assay
• C for 1 h. After washing in phosphate buffered saline (PBS Euroclone), cells were lysed with 0.1% Triton X-100 (Sigma-Aldrich, Milan, Italy) in distilled water, and serial dilutions were plated on TSA (Biolife). EGD-e and L. innocua NCTC 11288 were included as invasive and non-invasive strains, respectively. All the invasion assays were performed in triplicate and repeated three times. The number of intracellular bacteria was expressed as colony forming unit (CFU) per ml.
Statistical analysis
Data analysis was carried out by SPSS software v. 17.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) was used to test for significant differences in transcription levels amongst strains. Standard Pearson coefficients (R 2 ) were calculated to evaluate the correlation between transcription levels of target genes. Student's t-test was further used to evaluate differences in the invasion ability between clinical and food isolates. P-values <0.05 were considered as significant.
RESULTS
Subtyping of L. monocytogenes strains
Results on serogroup/serovar identification and RFLP analysis of inlA gene are reported in Table 1 . Overall, the most prevalent serovar was 1/2a (serogroup I, n = 7) followed by 4b (serogroup IV, n = 4). Restriction of inlA fragment with AluI generated four different profiles (2, 3, 4, 5) while three profiles (1, 2, 3) with Tsp509I Tamburro et al., 2010) . The combined analysis of patterns allowed to identify four composite profiles as follows: B (AluI profile 2 -Tsp509I 1), C (3-2) and E (5-3) classified as full-length inlA profiles, and D (4-2) for truncated profile and non-invasive isolates. Amongst strains, five out of seven cultures from food generated truncated RFLP profiles; on the contrary, nine out of ten cultures from clinical cases had full-length profiles. Truncated inlA profiles were always found in 1/2c serovar cultures from food, followed by two out of seven 1/2a strains. No cultures of 4b and 1/2b serovar showed truncated profile (Table 1 ).
Transcription levels of target genes
Transcription levels of inlA, inlB, hly, bsh and prfA genes were evaluated for 17 L. monocytogenes cultures. In each qRT-PCR reaction, the amplification efficiency was between 0.98 and 1.03, and genomic DNA contamination was considered negligible since difference between Ct value of each cDNA and the sample not reverse transcripted was always >10. The transcription levels of virulence genes were different among strains (Fig. 1) . However, significant differences between clinical and food isolates were not found (P > 0.05). Overall, among all the strains the highest levels were observed for hly (7.01 ± 6.34; median 4.88) and inlA (3.43 ± 6.09; median 1.06) genes. Relative transcription levels of inlA and inlB genes were found almost similar, also with respect to source of isolation. In fact, by median value analysis, inlA levels were 1.06 and 0.95 in food isolates and clinical strains, respectively, with F7, F127, LMO159 and LMO41 showing the highest values (Fig. 1, A and B) . The last clinical strains also showed high transcription levels for inlB gene (9.14 and 8.32, respectively). No significant differences of inlB transcription levels were found for clinical strains and food isolates (median 0.45 and 0.41, respectively). Overall, hly was the most expressed gene both in clinical strains (7.69 ± 5.80), especially in LMO141, LMO41 and LMO150, and food isolates (2.51 ± 7.39), mostly in F7 and F127 strains (Fig. 1, A and B) . Amongst clinical strains and isolates from food, bsh transcription levels were 1.08 ± 1.03 and 0.67 ± 1.15, respectively, and the maximum values were observed in LMO133, LMO153 and LMO159 clinical strains, while food isolates generally showed low values (Fig. 1, A and B) . Clinical strains had prfA transcription levels of 1.02 ± 0.54 compared to 0.82 ± 0.66 in food isolates, but differences were not statistically significant. A significant correlation between inlA and inlB transcription levels (Pearson's coefficient 0.985, P < 0.01) was observed, as well as between bsh and prfA genes (0.486, P < 0.05), whereas no statistical association between the other target genes was found.
Ability of invasion into CaCo-2 cells
Results on human CaCo-2 cells invasion by L. monocytogenes isolates are reported as log 10 CFU/ml ± standard deviation in Fig. 2 . The detection limit of cell invasion assays was 33.33 CFU/ml. A significant difference (P < 0.01) in the count means between clinical strains and food isolates was observed. By analyzing full-length or truncated inlA RFLP-based profiles, no significant differences in the invasion ability into CaCo-2 cells by strains from different sources were observed. However, all clinical strains able to invade CaCo-2 cells had full-length RFLP profiles (B, C and E), except for LMO153 which, despite the truncated profile, was still invasive (log 10 4.64 ± 0.31). Among food isolates, four cultures were not able to invade human cells and simultaneously showed truncated inlA profile, but high invasion levels for the remaining cultures (F5, F36 and F44) were observed (Fig. 2) . Among clinical isolates, transcription levels of inlA gene and ability of invasion were not statistically correlated, except for LMO41 and LMO159 strains which showed both high inlA expression and invasion. 
DISCUSSION
The analysis of transcription levels of virulence factors encoding genes revealed a substantial inter-strain heterogeneity, as well as in the ability to invade CaCo-2 cells, in agreement with other studies (Olier et al., 2005; Werbrouck et al., 2006) . Overall, clinical isolates showed higher transcription levels for almost all genes than isolates from food, which anyway showed high values of target genes. Particularly, different transcription levels of hly gene were found in agreement with previous studies, which reported a different gene expression among genetically related strains, as well as among isolates from different sources (Rudi et al., 2003) . The transcription levels of two internalins genes have been widely investigated in previous studies (Kim et al., 2005; Werbrouck et al., 2006; McGann et al., 2007) since both are required in the L. monocytogenes internalization within human intestinal epithelial cells (Ireton 2007; Gründler et al., 2013) . Amongst strains, different transcription levels of inlA and inlB genes were observed, in agreement with Werbrouck et al. (2006) . Moreover, the highest transcription levels for both internalin genes were observed in LMO41 and LMO159 clinical strains, which also showed high levels for the other virulence factors. All the clinical isolates, except for LMO153, showed also full-length inlA profile and the ability to invade CaCo-2 cells. However, LMO153 strain with truncated inlA profile was able to invade the cells, in agreement with previous studies reporting that strains which do not express inlA, with inactive forms of InlB and mutations in other virulence genes, could infect inoculated mice (Roche et al., 2009) , invade host cell and lyse the phagocytic vacuole by activating different mechanisms, such as higher rate of cell proliferation and increased production of hemolysin, which may balance the inefficiency of mutant virulence factors (Roche et al., 2009 ). These observations allow to confirm the complex mechanisms in L. monocytogenes virulence, presumably induced by selective pressure as the result of interaction between host and extracellular environment. This study showed a significant correlation between transcription levels of inlA and inlB, supporting that the genes are co-transcribed and co-regulated (Kazmierczak et al., 2003; Werbrouck et al., 2006) . Amongst clinical isolates, prfA gene coding for the main regulator of virulence factors was most expressed. Previous studies reported that mutants with prfA deletions are non-virulent because of the inefficient transcription of virulence factors (de las Heras et al., 2011) . In our study, prfA transcription levels were very low, both in clinical and food isolates, presumably due to the experimental conditions, because prfA transcription, marking the transition from saprophyte to opportunistic style in the intracellular environment, is activated during host infection to prevent the transcription of virulence factors when it is not required (Scortti et al., 2007; Bruno and Freitag 2010) . No significant correlation was found between hly and prfA transcriptional levels, although a prfA-box is located upstream the transcription start site of hly gene. Bile salt hydrolase activity is crucial for symptom onset, allowing the overcoming of the hurdles imposed by the gastrointestinal tract. The bsh transcription levels were statistically correlated with prfA levels, in agreement with previous reports (Dussurget et al., 2002) which showed that bsh gene is regulated by prfA, and in the promoter there is also a binding site for PrfA regulator (Dussurget et al., 2002; Olier et al., 2004) . Consequently, the low bsh transcription levels may result due to the reduced prfA gene transcription.
In conclusion, the analysis of virulence gene transcription levels was confirmed as being complex. Although all L. monocytogenes isolates are considered similarly pathogenic, this study and some previous epidemiological evidences (Bécavin et al., 2014 ) indicate a significant difference in the virulence characteristics amongst strains. The different transcription of virulence genes probably related to the natural occurrence of mutations in the key loci could play a role in the virulence mechanisms. Hence, only some isolates could be considered as highly pathogenic for humans. Characterization of L. monocytogenes strains by gene expression and cell invasion analysis could be useful for risk assessment purposes. The identification of conditions that regulate and affect the transcription levels of virulence factors is definitely essential for the development of public health strategies for risk assessment and management, and for definition of therapeutic approaches. Further studies about other virulence determinants and on larger number of strains are needed to better understand the virulence properties in L. monocytogenes population.
